I. IntroductIon C URRENTLY, with the burgeoning development of power semiconductor technology, solid-state transformer (SST) [1] [2] [3] [4] [5] [6] [7] has been conceived as a replacement for the conventional line-frequency transformer providing galvanic isolation by means of medium/high-frequency transformers. SST is a key equipment in the future solid-state substation (SSS) [8] with hybrid AC and DC power conversion function, which is easy for the flexible grid integration of renewable energy systems [9] , [10] . Modular architecture can bring advantages to the power and voltage scalability and maintenance, as well as the fault-tolerance strategy implementation, and the SST modular systems are generally based on the input-series outputparallel (ISOP) configuration of converter cells, which could be classified into two broad categories: the cascade H-bridge (CHB) converter [11] [12] [13] [14] [15] and the MMC [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] based structures as shown in Fig. 1 .
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C. Liu side of the cascaded converter and MMC, high-value bulky capacitors are needed to buffer the double-line-frequency (DLF) power oscillation that leads to the space volume problem [17] , [18] , which may restrict its development in real world application. In order to face the future demand of hybrid DC and AC application in SSS application, except for the basic requirements of modular realization, multilevel waveform, high availability, failure management, investment and life cycle cost on the The high isolation voltage between HVAC/DC and LVDC sides with modularity high-frequency transformers; ·Expected requirement of fewer capacitors:
It will overcome the space problem of individual DC-link capacitors in the CHB and MMC based isolated multilevel converters; ·Simplicity of the control system:
The entire control system will be without complex multiloop assisted control, such as voltage balancing. In consideration of the problems mentioned above, the main contribution of this paper is it first introduces the highfrequency-link (HFL) concept into the MMC and CHB topologies, and proposes two new converters named I-M 2 C and I-MC 2 . The new two-type converters inherit the main merits of the traditional MMC and CHB such as the modular structure, multi-port and multilevel waveform. Thanks to the single-stage power conversion, the bulky DC-link capacitors at the high-voltage side can be eliminated, which avoids the complicated capacitor voltage balancing control. Moreover, compared with the conventional high-frequency link matrix inverter, bidirectional switches at the HV side and bidirectional switches commutation control strategy are avoided because of the positive sub-modules port voltages based on the hybrid AC and DC voltage conversion.
The rest of this paper is organized as followings. In Section II, topologies of the two-type converters are described. Operation principles of I-M 2 C and I-MC 2 are described in Section III. Experimental results are given in Section IV, the results verify the feasibility of the two novel converter topologies. ) is shown in Fig. 2(b) , which is comprised of isolated bridge cells (I-BC). Moreover, the I-BC can be regarded as two I-CCs connecting in parallel at the front-stage and in reverse at the back-stage. Thanks to the high-frequency-link concept of direct single-stage power conversion, port voltage of ab (ac/bc) is clamped to the LVDC voltage and impulses are transferred to the common LVDC side. Thus DC-link capacitors at the HV side can be eliminated in the proposed structures.
According to the two modular cells mentioned above, two types of single-stage isolated modular multilevel cascaded converter topologies can be constructed respectively, as shown in Fig. 3 . The I-CC modules constitute the isolated modular multilevel converter (I-M 2 C) in the form of MMC while the isolated modular cascaded converter (I-MC 2 ) is structured by the I-BC modules in the form of input-series output-parallel (ISOP).
Compared to the MMC and CHB structures, the proposed two-type structures have no need for the intermediary DC-link capacitors at the high-voltage side and the power pulsations are buffered by the common capacitors at the LVDC side. Thus a double-line frequency power decoupling circuit can be applied to the primary side to reduce the capacitors effectively [20] . For a three-phase system based on the I-M 2 C 2 structure, volume of the LVDC capacitors can be very small because of the balance of the three-phase instantaneous power fluctuation. Therefore, the reduced capacitance of DC-link capacitors [21] at the HV side can be calculated by (1) where P dc is the average value of the input power from the DC side, ω is the angular frequency, V dc is the DC bus voltage, and ΔV dc is the allowed peak-to-peak voltage variation.
A. Isolated Modular Multilevel Converter (I-M 2 C)
An I-M 2 C leg consisting of n I-CCs based on the ISOP connection in upper and lower arms, has three basic voltage ports: HVDC V dcH , HVAC v ac , and LVDC V dcL , as shown in Fig. 3 where d ui and d li (i = 1, …, n) are the equivalent modulation ratios of each module, k ui and k li (i = 1, …, n) are the transformer ratios of each module; generally speaking, it can be assumed
Then the HVDC V dcH and HVAC V ac can be given as in (3). And the HVAC V acH can be given as in (7) (7) where v i denotes the voltage of the terminal (ab) in Fig. 2 Because the sub-module (SM) terminal voltages v ui or v li (i = 1, …, n) are always positive, based on the arm current i acu or i acl direction as shown in Fig. 3(a) , there are two operation modes for the SMs: 1) buck mode: instantaneous power flow from the common LVDC side to the high-voltage side, and 2) boost mode: instantaneous power flow from the high-voltage side to the common LVDC side, which are the same as the conventional bidirectional phase-shift full-bridge (PSFB) PWM DC-DC converter except that the duty ratio is varying. When the proposed structure works in buck mode, all the active switches at the primary side are Zero Voltage Switching (ZVS), as the conventional PSFB converter. To simplify the analysis of boost mode, this paper assumes that body capacitance of the switches are negligible and the current commutation process is so little that it can be viewed as instantaneous fulfilled.
The theoretical waveforms and commutation step diagrams of the 2-module I-M 2 C with phase-shift control during a switching cycle are shown in Figs. 5 and 6, where Q 1a, 1b -Q 4a, 4b and S 1a, 1b -S 4a, 4b are the driven signals of the corresponding switches S u1a, u1b -S u4a, u4b in Fig. 6 ; v 1a and v 1b are the primary pulse-width voltages of the HFT 1 and HFT 2 ; v u1 and v u2 are the output voltages of the SM u1 and SM u2 ; i 1a and i 1b are the primary currents of the HFT 1 and HFT 2 ; i 2a and i 2b are the secondary currents of the HFT 1 and HFT 2 ; i acu is the inductor current of the upper arm.
One complete switching cycle of SM u1 and SM u2 can be divided into twelve steps in this operation mode. The former six steps are explained in details as follows.
Mode 0: [before t 0 , Fig. 6(a) ] At the secondary side, S 1a , S 4a , S 1b and S 4b are conducting, i 2a = i 2b = i acu . At the primary side, Q 1a , Q 4a , Q 1b and Q 4b are all ON, i 1a, 2b only flows through the antiparallel diodes of Q 1a, 1b and Q 4a, 4b . Power is transferred from the stored energy of the inductor and source at the HV side to the common DC side. The absolute value |i acu | of the arminductor current decreases over time. Step 6 is symmetrical with Step 0. The latter six steps begin, and the working condition is symmetric with the former steps. It is unnecessary to go into details here.
B. Isolated Modular Cascaded Converter (I-MC

)
The driven signal modulation strategy of I-BC is similar to that of I-CC. And the modulation strategy of a single I-BC module is given as shown in Fig. 7 
For the multilevel cascaded structure, the phase-shift switching scheme can increase the equivalent switching frequency, leading to significantly less output voltage ripple. Therefore the carrier of n multi-module cascaded I-MC 2 can be shifted by T c /2n to generate multilevel voltage. For example, Fig. 8 shows the modulation strategy for the 2-module I-MC 2 with 90° phaseshift control. And the carrier phase-shift switching scheme is also applied in the multi-module I-M 2 C system. The operation mode of I-BC on the condition of i ac > 0 can be divided into fourteen steps. However, since the operation principle of I-BC is analogous to that of I-CC, the working mode of I-BC resembles that of I-CC as well. Therefore it is redundant to discuss the operation mode of I-BC in particular here.
IV. exPerIMentaL resuLts oF sIngLe-Phase I-M 2 c 2 A scaled-down laboratory single-phase system is constructed to verify the proposed I-M 2 C 2 topologies as shown in Fig. 9 . The LVDC common side is supported by the DC voltage source, the HVDC side is connected to the resistors, and the HVAC side is connected to the inductive and resistive load.
To construct the HVAC current loop, a split capacitor at the HVDC side is adopted in I-M state waveforms when DC load R dc = 160 Ω and AC load Z ac = 160 + j48.4 Ω. Fig. 10 (a) shows the primary side voltage v 1a , primary side current i 1a , secondary current i 2a and output voltage v u1 experimental waveforms of the SM u1 . Fig. 10(b) shows the detailed waveforms in Fig. 10(a) . It can be known that the frequency of SM output voltage is 2 times of the primary voltage. Fig. 11(a) shows the output voltage of SM u1 and SM u2 and the voltage and current of the upper arm. Fig. 11(b) shows the detailed waveforms in Fig. 11(a) . It shows that the output voltage frequency of the whole upper arm is twice of that of the single SM by the PS modulation strategy. Fig. 12(a) and (b) show the overall and detailed experimental waveforms of the upper arm and lower arm. And the voltage and current waveforms show that the operation state of the proposed converter can be changed freely between buck mode and boost mode. Additionally, it can be seen that the transformer frequency f T is the same as f s and the equivalent inductor current ripple frequency f L is same as the sawtooth carrier frequency f c . Fig. 13(a) shows the output voltage and current of the HVDC side and Fig. 13(b) shows the output waveforms of the HVAC side. At this time, the LVDC side voltage and current are 200 V and 6.88A. It shows that the proposed converter has high-quality output voltage, current and power.
Secondly, Fig. 14 shows the experimental transition waveforms under different DC load step conditions when the HVDC side load is changed from ∞ Ω to 160 Ω, keeping the HVAC load Z ac = 160 + j48.4 Ω. Fig. 14(a) and (b) show the output voltage and current waveforms when the HVDC load is changed. From Fig. 14 , it can be validated that power can flow across the LVDC side, HVDC side and HVAC side, freely. 
B. Experiment results of I-MC 2
Figs. 15, 16 and 17 show the steady-state experimental waveforms when the AC duty cycle d am = 0.8 and the delivered active-power conversion is about 1kW. Fig. 15(a) gives the HVAC side output voltage V ac and current i ac waveforms at R ac = 160 Ω while Fig. 15(b) is at Z ac = 160 + j145.2 Ω. Fig. 16 (a) and (b) shows the HVAC side output terminal voltage (V i ) of the two individual cascaded modules and the total output voltage (V acH ) and current (i acH ) waveforms. Fig. 17(a) and (b) show the secondary side voltage and current (V u2 , V l2 , i u2 , i l2 ) waveforms of the high-frequency transformers in a single module. Notice that the upper sub-module and the lower sub-module are working in different modes and current i u2 in the upper sub-module changes to decline when V u2 = 0, so the switches that make i u2 change can obtain ZVS.
As shown in Fig. 18(a) , when the HVAC side load steps down from 160 Ω to 54 Ω, the output current (i acH , i ac ) achieves a new steady state while the output voltage (V acH , V ac ) is unaffected 
during the load transients. Fig. 18(b 
V. concLusIon
This paper has introduced the topologies of two categories of isolated modular multilevel cascaded converter (I-M 2 C 2 ) and the relevant characteristics. Based on the high-frequencylink concept, the numerous individual DC-link capacitors at the high-voltage side are eliminated to increase power density and simplify control system. Thanks to the invariably positive voltage of the sub-modules' (SMs') port, there is no need for the bidirectional switches for active bridges, thus improving the system performance. A scaled-down laboratory single-phase system has verified the feasibility and availability of the new two types of I-M 
